Introduction
Moisture alters the cohesion among particles in powders and the adhesion of particles to surfaces. The principal reason for this effect is the formation of a liquid meniscus at the contact region between the two objects in question. The attractive force caused by such a liquid meniscus is called "capillary force". For hydrophilic surfaces it predominates over other surface forces under ambient conditions. [ 1 ] Understanding the way humidity infl uences adhesion is of fundamental importance when treating with powders, [ 2 ] Nanogeometry Matters: Unexpected Decrease of Capillary Adhesion Forces with Increasing Relative Humidity Mariana Köber, Enrique Sahagún, Pedro García-Mochales, Fernando Briones, Monica Luna,* and Juan José Sáenz* in friction-related problems, [ 3 ] and in phenomena driven by hydrophobic interactions and has, thus, implications in important industries such as the pharmaceutical, food, and materials industries. Given the fact that macroscopic tribology phenomena involve the contact of a multitude of micro-and nanometric asperities, [3] [4] [5] a profound understanding of the capillary forces occurring at a single asperity contact is of fundamental importance. This is particularly relevant in the rapidly growing fi eld of nano/biotechnology, in which capillary-induced adhesion and friction become a serious tribological concern. Nature provides uncountable examples of adhesion mechanisms involving capillary forces and is the source of bioinspired strategies in the design of adhesive systems. An especially inspiring example, which has aroused great scientifi c interest over the last decade, is the adhesion and friction of the gecko pad during climbing and traversing ceilings. [ 6 ] Gecko pads exhibit a fi ne structure of hierarchically arranged fi bers which, by means of van der Waals and capillary forces, enable the geckos to adhere to surfaces with great effi ciency. [6] [7] [8] [9] [10] [11] A current technological effort is focused on the biomimetic design of surfaces with controlled adhesive and lubricant properties. [ 10 ] Some applications, however, full papers require low adhesion forces. Nanodevices, for example, may lose reliability because of capillary-induced adhesion and friction, which can even prevent them from working. [ 12 ] In any case, tailoring the adhesion at the nanoscale presents a technological challenge.
On account of this, an extensive study of the capillary forces acting at micro-and nanoasperity contacts has been performed over the last few years. [ 1 , 5 , 12-24 ] Despite all these efforts, the underlying principles of capillary adhesion are not fully understood even for a single nanoscale contact. The reason lies in the large number of parameters involved in the process. Nanoasperity shape, contact radius, length, contact angles, relative humidity (RH), etc. are known to play a crucial role in determining the adhesion properties. It is extremely diffi cult to control all the relevant parameters at the nanoscale level and, in practice, quantitative results are not fully reproducible.
In spite of the diversity of the experimentally obtained adhesion force versus RH curves, all the reported curves have one feature in common: starting from low RH values the adhesion force increases with humidity. In fact, the curves show either a monotonous increase [ 1 , 18 ] or a maximum at a certain humidity value [ 16 , 17 , 20 , 25 ] (see Reference [1] for a recent review of experimental and theoretical studies on the humidity dependence of the adhesion force). This trend refl ects the expected natural behavior we are familiar with, for example, when playing with sand: with dry sand we cannot build a sandcastle; a certain amount of water, though, makes the particles stick to each other.
Herein, we report on the inverse effect: even in dry environments (at low humidity values) the adhesion force decreases with increasing RH. Starting from 0% RH we observe a monotonous decrease of the adhesion force for the entire RH range between two hydrophilic materials. These experimental results were obtained with the atomic force microscope (AFM) by both using sharp monocrystalline silicon tips of very small tip apex ( < 10 nm) and applying very low normal loads ( < 10 nN). In addition, a theoretical model that explains these experimental fi ndings has been developed using continuum theory and the formation of minimum-energy water necks. We conclude that the decrease in the adhesion force between hydrophilic surfaces is related to the object's geometry: only a sharp object fi nished in an almost fl at (truncated) nanometer-sized apex gives rise to this behavior.
Results

Experimental Results
Experiments were carried out with a commercial AFM (Nanotec Electronica, Cervantes FullMode AFM System, http://www.nanotec.es/) enclosed in a humidity-controlled chamber. Adhesion force versus RH curves were obtained by measuring force versus distance curves (from which adhesion forces were extracted) [ 26 ] while increasing the RH slowly from 0 to 100% (see the Experimental Section for details on the measurement procedure). Adhesion forces were measured between a fl at muscovite mica substrate cleaved prior to the experiment and monocrystalline silicon as well as silicon nitride tips (for a detailed description of the tips employed, see the Experimental Section). These materials are predominantly hydrophilic (the contact angles for mica, Si 3 N 4 , and Si0 2 are 0, 3, and 20 ° , respectively [ 27 , 28 ] ). Curve progressions of adhesion force versus RH curves obtained with different AFM tips may differ considerably from one another, but we can clearly distinguish two trends when employing monocrystalline silicon tips: decreasing curves and curves displaying a maximum. From the results of a series of experiments we can conclude that this different adhesion force behavior is clearly related to the tip dimensions. When the tip radius exceeds 15 nm we fi nd the common behavior reported in the literature [ 1 , 16 , 19 , 29 ] with a maximum at a certain humidity value. However, whenever tip apex dimensions are maintained suffi ciently small (radius < 10 nm), the adhesion force either decreases in the whole humidity range or decreases until it reaches a constant value! Examples of this monotonous decrease are shown in Figure 1 a. The scanning electron microscopy (SEM) images of the tips taken after each experiment show (Figure 1 b) that-within the resolution-in all three cases the nominal tip radius is preserved (see also the Supporting Information). This preservation is achieved by means of controlling the maximum applied normal load after the tip-sample contact, thus ensuring that the tip would hardly impress on the surface. For the data shown in Figure 1 , the maximum normal force exerted on the cantilever was less than 10 nN. Relative Humidity (%)
If, on the contrary, we let the maximum normal load reach tens of nanonewtons during the measurement of the force versus distance curves, the tip dimensions are not preserved and the force versus RH curves show a maximum at a certain humidity value. Figure 2 a (experiment (i)) shows an example in which an initially sharp monocrystalline Si tip was used to measure the adhesion force on mica allowing high applied loads (50 nN). The SEM image (Figure 2 b, (i)) taken after the experiment had been performed shows a truncated tip with a radius of 20 nm. In previous works where tips were used for scanning at a load of 30 nN, the tips show the same truncated shapes. [ 24 ] In addition to the SEM evidence, larger values of the adhesion force indicate larger tip radii. [ 30 ] When silicon nitride tips with a larger initial radius (15 nm nominal) were employed, the maximum behavior was always observed. Experiment (ii) in Figure 2 a is an example (the normal force was not limited). The general trend-the occurrence of a maximum-is the same as that for curve (i), although both the position and width of that maximum differ for the different tips. After the experiment the tip radius is 25 nm (Figure 2b, (ii) ).
A special experiment is presented in Figure 2 a (iii), which further exemplifi es the key role of the tip apex dimensions in the capillary adhesion force. In this particular case, an occasional accident happened in the middle of the experiment which caused a signifi cant increase of the monocrystalline Si tip radius and therewith a dramatic change in the curve progression. At the beginning of the experiment (starting from low RH), the monocrystalline Si tip radius was small (nominal tip radius < 7 nm) and the normal load applied was limited to 18 nN. At some point during the experiment (RH ≈ 65%) a power outage led to the crashing of the tip against the sample, which resulted in cleavage of the tip apex. SEM inspection after the completion of the experiment revealed a tip radius of 18 nm. Hence, in this experiment there is a small tip radius for the humidity range between 0 and 65% and a larger tip apex size from 65% on. Both the behavior and magnitude of the adhesive force correspond to these different tip dimensions: at low humidities the trend is similar to that for a tip of small radius and for RH > 65% the curve shows the decline of a broad maximum, the behavior that is typical for large tip radii.
Throughout a series of 17 experiments we observed that the tip size and shape at the nanoscale have a dramatic effect on the humidity dependence of the capillary force. Although the tip shape was known to infl uence the capillary forces [ 18 ] (increasing with humidity for conical tips or having a broad maximum for quasi-spherical apexes), to our knowledge the monotonous decrease observed in our experiments has not been reported. To understand the origin of the different adhesion force behaviors, we developed a theoretical model that determines the capillary adhesion forces between a fl at hydrophilic surface and a sharp hydrophilic object of different apex shapes and sizes.
Theoretical Results
We consider a simplifi ed model based on equilibrium thermodynamics, similar to the one used to describe the hysteresis associated with the formation and rupture of liquid bridges. [ 22 ] As in previous theoretical work, [ 1 , 5 , 15 , 18 , 22 , 24 ] our approach is based on macroscopic continuum theory. [ 5 ] This approach is valid even when dimensions fall below a few nanometers, which is the range where the discrete molecular nature of the liquid could be relevant. [ 32 ] Molecular dynamics [ 33 , 34 ] and Monte Carlo [ 31 , 35 ] simulation studies have also been carried out, which confi rmed the validity of the continuum theory.
After condensation, the liquid meniscus is assumed to have a constant radius of curvature R c . For a given tip shape and tip-sample distance D , the pendular ring geometry is fi xed by R c and the tip and sample contact angles. The equilibrium properties of the water meniscus depend on the "excess" grand potential [ 36 , 37 ] given by the sum of surface, S = ( (S LV − S LT − S LS ) , and volume,
, contributions, where S represents the surface area of the liquid-vapor (LV), liquid sample (LS) and liquid-tip (LT), and ( ≡ ( LV is the liquidvapor surface energy. Tips and samples used in the experiments are predominantly hydrophilic. To simplify matters, in the model we consider zero contact angles (for hydrophilic surfaces, an increase in the contact angle leads to a decrease in the adhesion force magnitude but does not change the adhesion force versus humidity curve behavior [ 24 ] ). Qualitative changes in the dependence of adhesion on RH are full papers expected at much larger contact angles or for hydrophobic surfaces. [ 9 ] L m is the molar volume, R = 8.31 J mol
, and H is the RH. At a given temperature, the condensation energy is proportional to the meniscus volume V and inversely proportional to (the absolute value of) the Kelvin radius r K . For D smaller than a critical distance, the grand potential as a function of R c presents a local minimum 0 D, R eq (D) , which corresponds to a meniscus of radius R c = R eq in equilibrium. Assuming that the meniscus evolves in thermodynamic equilibrium, the pulling-off force is simply given by
To study a large family of tip shapes, the tip was modeled as a cone with an ellipsoidal cap end, the cone side being tangential to the ellipsoid (see Figure 3 a ). The tip shape is then characterized by three parameters: the cone angle ( ν ), the transverse (horizontal) semi axis of the apex ( a ), and the apex form factor b / a , where b is the conjugate (vertical) semi axis. By varying b / a it is possible to study the force versus RH curves for a continuum family of tip apex shapes: prolate ( b / a > 1), conventional spherical apex ( b / a = 1), oblate ( b / a < 1), and quasi-truncated blunt ( b / a < < 1) tips. By changing the cone angle ν , the effect of the tip sharpness on the capillary force can be analyzed. Naturally, the capillary force also depends on the initial tip-sample distance D . [ 18 , 25 ] Calculated capillary adhesion force versus RH curves are depicted in Figure 3 for different tip shapes and sizes at a fi xed tip-sample distance D = 0.2 nm (mimicking the presence of an adsorbed water layer on the sample). Figure 3 b and c reproduce the expected results for conical and spherical tips. For a relatively small aspect ratio ( b / a = 0.2, Figure 3 d ) the results resemble those obtained with the paraboloidal model discussed in Reference [18] . The adhesion curve still shows a maximum but its behavior has changed in comparison with the spherical model: the general shape of the curve changes with the tip size and the maximum position decreases with decreasing size. In contrast, sharp oblate and blunt tips with a > > b (Figure 3 e and f) show a completely different behavior. If the tip is relatively large ( a ≈ 8 nm) and not too fl at ( b / a ≈ 0.04), the force curve still presents a maximum at very low humidity. In the limit of an almost truncated tip ( b / a ≤ 0.01, a ≤ 5 nm), the force decreases for the whole RH range. Very close to saturation, the force may increase again with RH, and show a minimum for large cone opening angles ( ν ≥ 25 ° ), as shown in Figure 3 f.
Discussion
To understand the different behaviors, we note that the equilibrium force is approximately given by the Laplace pressure acting on the cross-sectional area defi ned by the radius r 2 of the contact line at the top of the meniscus,
Except for some limiting cases, our results are well described by this simple expression. In this formula the behavior of the force versus RH can be seen as a result of two competing effects. As RH increases, the Laplace pressure decreases (independently of the objects' geometry) while the meniscus cross section increases (this increase does depend on geometry). As a simple example, we can consider a conical tip shape where r 2 increases linearly with r K . The capillary force on the cone then grows linearly with r K (diverges as the inverse of ln(1/ H )), in agreement with Figure 3 b. Since the curvature of the meniscus is approximately given by the Kelvin radius, the cross section and, subsequently, the behavior of the adhesion with RH mainly depend on the shape of the tip at the scale determined by the Kelvin radius. This is illustrated in Figure 4 , in which both r 2 and F versus RH are plotted for a relatively blunt tip (with b / a = 1/25 and a = 5 nm). At low RH, that is, small r K , the Kelvin radius fi ts beneath the fl at end of the tip apex and r 2 grows very rapidly with r K (with RH). Near the edge of the fl at area apex, where the tip surface curvature is high, an increase in the meniscus curvature radius (i.e., r K ) does not lead to an appreciable increase in r 2 (keeping a zero contact angle with the tip surface). Hence the adhesion force decreases. We could then say that the meniscus growth is blocked (pinned) by the high-curvature regions of the tip apex. Since r K is in the nanometer range, the adhesion curves depend on the details of the tip shape at the nanoscale. The presented model does not mimic exactly any real tip-sample system since real tips, in general, exhibit a more complex structure than the one modeled here. We did not consider the possible effects of the RH dependence on the adsorption isotherm of the water fi lm [ 25 ] or the possibility of an " icelike" structure of the adsorbed water. [ 19 ] Nonetheless, the model shows that the different behaviors observed in the experiment can be understood by simply taking into account the tip shape at the nanoscale. Note the quantitative agreement between theory and experiment when assuming a transverse radius of a ≈ 1 nm and a form factor of b / a ≈ 0.01 ( a can be > 1 nm if the contact angle is > 0), which would imply an ultrasharp tip with an almost atomically fl at apex! This result is consistent with the fact that the sharp tips (with radii below 10 nm) used in the experiments were made of monocrystalline Si, which presents a nearly perfectly fl at fracture surface at the tip apex [ 38 ] (see the Experimental Section and the Supporting Information). Considering both the theoretical discussion and the experimental adhesion curves, tips with "large" apex (radius > 15 nm) should present some residual curvature (very small b ) in the form of atomic terraces or dislocations causing a deviation from the almost perfectly fl at surface (notice that for a radius of 15 nm and b / a ≈ 1/15, b is of the order of 1 nm). These differences in the apex geometry, which lead to very different behaviors of the adhesion force, cannot be easily determined from standard SEM images.
Conclusion
We have obtained experimental evidence for a counterintuitive decrease of the capillary force between hydrophilic surfaces with increasing RH. In concordance with the experimental results, in the theoretical simulation we identifi ed the tip apex shape as the origin of different adhesion force versus RH behaviors. The monotonous decrease of the adhesion force is only found for a sharp truncated object with a narrow contact region. The large variety of meniscus force behaviors found for different tip shapes emphasizes the importance of geometry in the capillary phenomena at the nanometer scale. The results imply that for a correct interpretation of AFM adhesion maps, the tip size and shape have to be taken into account-hydrophilic samples do not necessarily yield a capillary force increase with increasing moisture. Our results are also relevant in the analysis of the dynamical behavior of nanomenisci. [ 39 ] Furthermore, our fi ndings could be of relevance in technological applications, since the undesirable sticking effect between surfaces occurring at increasing RH could be avoided by controlling the shape of the surface asperities at the nanometric scale.
Experimental Section
Experimental Procedure : The RH was increased by introducing humid air (by flowing dry nitrogen (N 2 ) through ultrapure Milli-Q water (Millipore)) at a controlled flow rate into the chamber. The AFM cantilever's vertical velocity was as low as 10 nm s − 1 during all the force curves, thus ensuring that the meniscus would be in equilibrium with the surrounding atmosphere and, furthermore, minimizing tip damage due to the impact. The cantilever's force constant k was determined by Sader's method. [ 40 ] Both tip and sample surface were electrically grounded during all experiments to minimize the effect of electrostatic forces.
AFM Tips : The tips employed in the experiments shown here were: "Nanosensors PointProbe Plus" for experiments (i) and (iii) of Figure 1 and (i) and (iii) of Figure 2 (monocrystalline Si, tip radius < 7 nm, cone angle at tip apex ≈ 10 ° ; http://www. nanosensors.com/PointProbe_Plus.pdf); "Nanosensors SuperSharpSilicon" for experiment (ii) of Figure 1 (monocrystalline Si, radius ≈ 2 nm, cone angle < 7 ° for the last 150 nm; http:// www.nanosensors.com/SuperSharpSilicon.pdf); and Olympus OMCL-RC800PSA-W type (Si 3 N 4 , nominal tip radius 15 nm; http://probe.olympus-global.com/en/en/specnitrideE.html) for experiment (ii) of Figure 2 . The single-crystal Si cantilevers are aligned parallel to the < 110 > direction (Nanosensors FAQ: http://www.nanosensors.com/faq.html), this direction therefore being perpendicular to the axis of height of the tetrahedronshaped tip. Taking into account that the < 110 > direction is the direction along which cracks are easily propagated [ 41 ] and that the preserved tips present a small tip apex (≤5 nm tip radius, see transmission electron microscopy images in the Supporting Information), a perfectly fl at fracture surface free of crystalline imperfections is most likely being obtained throughout this relatively small extension. 
